Studies with non-human primates have suggested an excitatory influence of the thalamus on the cerebral cortex, with the centromedian-parafascicular complex (CM-Pf) being particularly involved in processes of sensory eventdriven attention and arousal. To define the involvement of the human CM-Pf in bottom-up and top-down auditory attention, we simultaneously recorded cortical EEG activity and intracranial local field potentials (LFPs) via electrodes implanted for deep brain stimulation for the treatment of neuropathic pain. The patients (N ¼ 6) performed an auditory three-class oddball paradigm with frequent standard stimuli and two types of infrequent deviant stimuli (target and distractor). We found a parietal P3b to targets and a central P3a to distractors at the scalp level. Subcortical recordings in the CM-Pf revealed enhanced activation to targets compared to standards. Interarea-correlation analyses showed that activation in the CM-Pf predicted the generation of longer latency P3b scalp potentials specifically in the target condition. Our results provide first direct human evidence for a functional temporal relationship between target-related activation in the CM-Pf and an enhanced cortical target response. These results corroborate the hypothetical model of a cortico-basal ganglia loop system that switches from top-down to bottom-up mode in response to salient, task-relevant external events that are not predictable.
Introduction
Studies with non-human primates have suggested that various thalamic nuclei are involved in cognition (for a review, see Wolff and Vann, 2019) , and that central thalamic nuclei play an important role for the attentional processing of behaviorally significant events (Moruzzi and Magoun, 1949; Glenn and Steriade, 1982; Kinomura et al., 1996; Schiff and Plum, 2000; Van Der Werf et al., 2001) . The centromedian and parafascicular complex (CM-Pf) in particular appears to be essential for attentional orienting since it is sensitive to unexpected, behaviorally significant sensory events (Matsumoto et al., 2001; Minamimoto and Kimura, 2002; Kimura et al., 2004) .
The CM-Pf is a central node in a thalamus-basal ganglia-cortex loop system (Parent et al., 1983; Sidib e et al., 1997; Gaese and Johnen, 2000; Krout et al., 2002; Van Der Werf et al., 2002; McHaffie et al., 2005; May et al., 2007) . It receives input from diverse cortical areas and projects predominantly to the striatum of the basal ganglia (Sadikot et al., 1992; Parent and Parent, 2005; Awh and Vogel, 2008; Smith et al., 2014) . Animal studies have shown that the CM-Pfwithin its subcortical and cortical networkmay function in two different modes. While it monitors top-down biased control to select signals for action and cognition, it may also switch the cortico-basal ganglia loop system to a bottom-up control mode which allows processing of unexpected external events (Kimura et al., 2004) .
Nevertheless, little is known about the specific function of the CM-Pf in humans. Here we simultaneously recorded intracranial local field potentials (LFPs) from the CM-Pf and cortical activation from scalp electroencephalography (EEG) in six patients implanted with deep brain stimulation (DBS) electrodes for treatment of chronic neuropathic pain while electrodes were externalized for testing of efficiency (Krauss et al., 2002; Weigel and Krauss, 2004) . The patients performed an auditory three-class oddball paradigm (Katayama and Polich, 1998) with frequent standard tones (900 Hz; 72%) and two types of infrequent deviant tones (600 Hz and 1200 Hz; 14% each), either being a target or a distractor. This paradigm allowed us to differentiate the automatic attentional orienting response to rare irrelevant stimuli (distractor processing) from voluntary attention to the task-relevant events (target processing) (Debener et al., 2002) both at the scalp and the subcortical level.
Previous research using simultaneous cortical and subcortical recordings in the context of a visual three-class oddball paradigm revealed target-specific processing within the ventral intermediate nucleus (VIM) of the thalamus (Klostermann et al., 2006) . The VIM is especially known as a therapeutic target of DBS in patients with severe tremor who are unresponsive to drug treatment (Schuurman et al., 2000) . Klostermann et al. (2006) showed that the VIM is sensitive to the early recognition of (visually presented) target events and that this label is then distributed to cortical areas. With regard to this research and the role of the CM-Pf within subcortical and cortical signal processing, we made the critical predictions that a) attention-related response modulation to targets and distractors should be observed at the subcortical level within the CM-Pf, and that b) this response modulation in the CM-Pf is causally related to the cortical event-related potentials (ERPs). Therefore, we explored for ERPs, in particular the N1 response to an auditory stimulus onset (negativity around 100 ms post-stimulus; Scherg and Von Cramon, 1986; N€ a€ at€ anen and Picton, 1987; Billings et al., 2011) , and the P3a to distractors, indicating reorienting and reallocation of attentional resources towards the distractors (Katayama and Polich, 1998; Soltani and Knight, 2000; Linden, 2005; Wronka et al., 2012) . Further, we expected a P3b to targets, which reflectsaccording to one out of several hypotheses (e.g., Fonken et al., 2019; O'Connell et al., 2012; Verleger et al., 2016; for a review, see Polich, 2007) the match between the incoming target tone and the voluntarily maintained attentional trace of the task-relevant tone (Gonsalvez et al., 1999) .
The frequency content of the data presented here has been analyzed previously, showing that the CM-Pf response to sensory input is related to goal-oriented behavior (Schepers et al., 2017) . Importantly, our results substantially extend these previous findings by indicating that the human CM-Pf actively influences signaling in cortico-basal ganglia-thalamico-cortical loop functions in the context of unpredictable events, and that CM-Pf responses precede cortical responses specifically in the target condition. This indicates attentional allocation and stimulus evaluation for task relevance within the CM-Pf, being causal for enhanced cortical responses to target events.
Methods

Subjects, surgery and electrode placement
Six patients (2 women, on average 47.7 years, SD 12, minimum 25, maximum 57) with chronic neuropathic pain were implanted with quadripolar platinum-iridium DBS electrodes (Medtronic 3387, Minneapolis, Minnesota, USA) for treatment of otherwise intractable neuropathic pain syndromes (Table 1) .
Five patients underwent unilateral implantation in the left (two patients) or right (three patients) CM-Pf, and one patient underwent bilateral implantation. Electrode placement was guided by CTstereotactic surgery aided by MR imaging and microelectrode recording as outlined in detail elsewhere (Krauss et al., 2002; Weigel and Krauss, 2004) , concomitant with the implantation of a second DBS electrode in the sensorimotor thalamus (nucleus ventralis posterior lateralis or medialis). Postoperative stereotactic CT was performed to rule out bleeding and to confirm appropriate electrode placement in the CM-Pf (Fig. 1 ). Electrodes were longitudinally spaced at distances of 1.5 mm (1.27 mm diameter, 1.5 mm length). Electrodes were externalized for three to seven days for test stimulations in both target areas prior to implantation of a pacemaker for permanent stimulation. In a previous study (Schepers et al., 2017) , we showed that the human CM-Pf is involved in signaling auditory inputs that are related to goal-directed action. These previous analyses used a different (i.e. time-frequency) approach and were restricted to the subcortical level. All participants gave written informed consent to take part in the present study that was approved by the local ethics committee (Hannover Medical School, Germany).
Task & procedure
Within five days after electrode placement and with leads still externalized, patients performed an auditory three-class oddball paradigm (Polich, 2007) . All patients were presented with 700 auditory stimuli in two blocks with 350 stimuli per block. The interstimulus intervals varied between 800 and 1100 ms. Two infrequent deviant stimuli (600 and 1200 Hz), one being a target (TA, p ¼ 0.14) and the other a distractor (DI, p ¼ 0.14), were presented among frequent standard (ST) stimuli (900 Hz; p ¼ 0.72). The assignment of frequency (600 and 1200 Hz) to the target and the distractor tone was randomized across subjects, with an equal number of participants for the high or low frequency tone as target stimulus. All tones were presented via two loudspeakers located at 45 azimuth. The tones had a duration of 62 ms and were presented at a level of 70 dB(A) as indicated by a sound level meter. The participants were instructed to press a key on the keyboard with their right index finger as soon as they heard the target stimulus. The minimum time interval between the surgery and the EEG task was one day.
Data acquisition
Simultaneous recordings of neuronal signals were obtained from scalp surface and the CM-Pf electrode contacts. The EEG on the scalp surface and the local field potentials (LFP) in the CM-Pf comprised seven and eight electrodes respectively, the latter with bipolar referencing. EEG was recorded from Ag/AgCl electrodes, placed in accordance with the international 10/20 system (positions: Fpz, Cz, Pz, C3, C4, P3, P4), and referenced to the mastoids. Moreover, eye movements were measured with two bipolar electrodes placed below and at the outer canthus of the right eye. Electrode impedances were kept below 5 kΩ during the whole recording session. Following previous studies (Zaehle et al., 2013; Dürschmid et al., 2016; Beck et al., 2018) , LFPs were recorded using a bipolar montage, i.e. each contact was referenced to its neighboring electrode contact (four bipolar channels per hemisphere: 0-1, 1-2, 2-3, 0-3) to maximize spatial selectivity and to reduce effects of volume conduction from distant sources (Sauleau et al., 2009) . EEG and LFP recordings were obtained using a patient amplifier D360 (Digitimer Ltd., Welwyn Garden City, Hertfordshire, UK) with 50,000fold amplification and were digitized through a 1401 A-D converter onto a computer using the Spike2 software (both Cambridge Electronic Design, UK). Data were sampled continuously at a rate of 512 Hz and filtered online using a high-pass filter with a cutoff frequency of 0.5 Hz, a low-pass filter with a cutoff frequency of 255 Hz, and a 50 Hz notch filter. (Delorme and Makeig, 2004) and SPSS 23.0 (IBM, Armonk, NY, USA).
Analysis of behavioral data
Correct trials were defined as a correct key press to target stimuli within 100-800 ms after stimulus onset. Hit rates, false-alarm rates and response times (RTs) were calculated for each participant.
Analysis of electrophysiological data
Neuronal signals from scalp surface and subcortical recordings were filtered offline using a low-pass windowed FIR filter (Widmann and Schr€ oger, 2012) of 30 Hz. Then, data were epoched from À200 to 700 ms with respect to the stimulus onset, and artifacts were removed using the EEGLAB function jointprob.m (Threshold: 3 standard deviations). An independent component analysis (ICA) was computed (Bell and Sejnowski, 1995; Lee et al., 1999) for the cortical ERPs. Importantly, only one component clearly related to eye-blink activity was removed for every subject. Trials with artifacts in either the EEG or the subcortical recordings were removed. EEG data typically contain more movement artifacts compared with LFP data. Thus, EEG and LFP trials were matched in the number of trials and in time that both signals only contain mutual trials. Then, we averaged ERPs separately across the three stimulus conditions (target, distractor, standard) and baseline corrected the resulting activity by subtracting average activity within the 200 ms before stimulus presentation. Only correct trials were included into the statistical analyses. The number of standard trials was artificially reduced to adjust the trial number across the conditions. This reduction was done by randomly selecting 98 out of original (maximal) 504 standard trials. Regarding the deviant stimuli, the number of trials after preprocessing was on average 69.8 for the target condition (SD 12.8, minimum 48, maximum 85) and 70.3 for the distractor condition (SD 5.1, minimum 61 maximum 76).
Similar to previous studies (Beck et al., 2018; Schierholz et al., 2017) , the statistical analyses of the current study focused on one individual electrode within a pre-defined region-of-interest (scalp level) and one bipolar channel (subcortical level). At the scalp surface level, the analysis was performed with the electrode showing the largest amplitude across all conditions (target, distractor, standard) within a central (C3, Cz, C4) or a parietal (P3, Pz, P4) region-of-interest (ROI). These two ROIs were chosen based on the findings that the P3a to distractor tones is largest over central regions, and that the P3b to target tones is largest over parietal regions (Bledowski et al., 2004a; Polich, 2007) . Similarly, the thalamic bipolar channel was selected for each subject. This selection was based on the criteria that (1) the electrode showed the largest amplitude (across the conditions), and that (2) the electrode showed a stimulus-related response that was significantly different from zero as computed by a statistical, non-parametric bootstrapping procedure on the single-subject level (Efron and Tibshirani, 1994) . In general, the bootstrapping procedure is a resampling method, independently sampling with replacement from an existing sample data (in our study: voltage values for each time point within the selected channel), and replicating this sampling for a predefined number of times (in our study: 2000 iterations). Similar to previous studies, we used the bootstrap bias-corrected and adjusted method to obtain 99.9% confidence limits (Hine and Debener, 2007; Strobel et al., 2008) . The selected channels were intracranial electrode contacts which were referenced to one neighboring electrode (0-1 (N ¼ 2), 1-2 (N ¼ 2), 2-3 (N ¼ 1)). In one subject the channel 0-3 was selected, given that the channel selection of neighboring electrode contacts was more difficult in this particular subject.
For the selected (individual) surface and intracranial channel, we calculated the single-subject average ERPs for each condition. These ERPs were then subjected to a non-parametric bootstrapping procedure The postoperative stereotactic CT scan was performed immediately after implantation of the two DBS electrodes in the thalamusthe lateral electrode is located in the nucleus ventralis posterior medialis (VPM) and the medial electrode in the CM-Pf. In a (axial CT scan) and b (sagittal reconstruction) the electrode in CM-Pf, respectively its projection, is marked by the orange line (with electrode contacts at the tip of the electrode). The scout, c, shows the two electrodes inserted via a slightly different angle. The axial T2-weighted MR image, d, which has been obtained preoperatively has been fused to the postoperative stereotactic CT and the orange projection line has been directly transferred showing now the projection of the single electrode contacts along the electrode trajectory.
to conduct a group-based statistical analysis (Efron and Tibshirani, 1994) . This was done to explore for time points of (1) a significant stimulus-related response that was significantly different from zero (i.e. significant ERP response as defined by the confidence interval which did not include zero at the corresponding time points), and (2) ERP differences due to condition effects (target vs. standard, distractor vs. standard) on both levels (scalp surface and subcortical). We obtained 99.9% confidence limits for ERPs of different conditions and for difference waveforms (Target -Standard; Distractor -Standard) based on 2000 iterations and using the bootstrap bias-corrected and adjusted method. ERPs from both the scalp and the subcortical level were considered significantly different from zero (i.e. significant ERP response) if the confidence interval of the difference waveforms did not include zero at the corresponding time points (e.g. Hine and Debener, 2007; Sandmann et al., 2009) . Similarly, conditions were considered to be significantly different (i.e. condition effect) if the confidence interval of the difference waveforms did not include zero at the corresponding time points (e.g. Hine and Debener, 2007; Sandmann et al., 2009 ). Significant time ranges (for stimulus-related responses and for condition differences) were defined by p < 0.01.
Cross correlation
We explored the temporal relationship between CM-Pf responses (referred to as subcortical ERPs) and ERPs recorded at the scalp surface (referred to as cortical ERPs) elicited to auditory events, being either behaviorally relevant (target) or irrelevant (distractor). In a first step, we tested whether the CM-Pf signal predicts cortical ERPs by determining the trial-by-trial cross-correlation between the time series of the subcortical and the cortical responses. Note that prediction means here that activity in one region precedes and significantly correlates with activity patterns in the other region. For the cross-correlation analysis, we included the time series of each trial of the previously selected (individual) scalp surface and subcortical channel (for more details, see section 2.4.2). Pearson's correlation r coefficients were used to quantify the coupling between the subcortical and the cortical responses. Crosscorrelation means that the activity at each time point across trials in the CM-Pf was correlated with the activity at each time point across trials on scalp surface level. This provides information about both the strength of correlation and the temporal relation of the correlation. We calculated r values at each sample point, transformed the r values using the inverse hyperbolic tangent (Fisher's z transformation), and averaged the transformed r values across participants. To assess significance and to account for multiple comparisons, we applied a permutation procedure. Each Pearson's correlation coefficient of each channel was compared against a surrogate distribution. This type of data distribution was constructed by randomly reassigning the actual trial number of (subcortical) LFP recording to trials of (cortical) scalp surface recording in 1000 runs. For each time point, the confidence intervals (CI; 97.5%) of a normal distribution were determined.
In a second step, we tested whether predictability of surface activity by intracranial activity differed between the conditions (target vs. standard, distractor vs. standard). Pearson's correlation coefficients were subjected to a t-test (across subjects) at each time point. To determine significance, in 1000 runs we randomly reassigned the labels (target vs. standard, distractor vs. standard) and applied the paired t-test.
Finally, we tested for the time ranges during which both the significant predictability effect (step 1) and a significant difference in predictability between the conditions (step 2) occurred simultaneously.
Results
Behavior
All patients were able to successfully perform the task as indicated by a high average hit rate of 91.7% (11.9 SD, 71.4% minimum, 100% maximum) and by average response times of 425.1 ms (58.7 SD, 362.5 minimum, 532.8 maximum) to target tones. We observed a low false alarm rate to distractor tones of 3.4% (2.5 SD, 0% minimum, 6.1% maximum), with average response times of 278.9 ms (150.2 SD, 0 min, 412.1 max).
Electrophysiological analysis
The grand averages for the different conditions revealed prominent negative and positive peaks over central and parietal scalp regions (Fig. 2, left) as well as in the CM-Pf (Fig. 2, right) . The cortical and subcortical responses differed significantly from zero, as revealed by the bootstrapping analysis (Fig. 2) . More specifically, cortical ERPs in all conditions showed a significant negative deflection around 100 ms after stimulus onset, referred to as the N1 ERP. Significant time ranges we observed for the target tone (parietal ROI; 66-113 ms), for the distractor tone (central ROI; 82-135 ms) and for the standard tone (central ROI; 86-125 ms). Moreover, ERPs to the target tone revealed a significant positivity over parietal scalp regions in the time range 242-525 ms that corresponds to the temporal interval of the P3b response. The response to the distractor tone, typically evaluated over central scalp regions, revealed a significant positive deflection at 313-391 ms after stimulus onset that is consistent with the time range of the P3a ERP.
Subcortical ERPs recorded from the CM-Pf revealed a significant positive deflection for the target tone at 86-158 ms after stimulus onset, and a later significant negative deflection at 385-408 ms. Distractor tones elicited a significant positive deflection at 107-133 ms.
In the next step, we tested whether the ERPs at the scalp and the subcortical level were modulated by the type of the deviant. We found significant effects for target vs. standard and distractor vs. standard stimuli at the scalp level (Fig. 3, left) and (partly) at the subcortical level ( Fig. 3, right) . At the scalp level, we observed a P3b to the target tone Supplementary figure) , and a P3a to the distractor tone over central scalp regions (distractor vs. standard; Supplementary figure) . The difference between target and standard responses was analyzed in a parietal ROI that showed enhanced responses for the targets when compared with standards at the latency ranges 80-90 ms and 273-518 ms. Further, we observed a difference between distractor and standard responses in a central ROI, showing stronger negativity at 82-168 ms and enhanced positivity at 295-498 ms for the distractors when compared with the standards.
Regarding the CM-Pf recordings, we found a significant effect for the difference between target and standard responses that was indicated by enhanced amplitudes at 66-160 ms and at 303-408 ms to the target tone. Regarding the difference between distractor and standard responses, we observed stronger amplitude at 113-125 ms to the distractor tone. Taken together, these results suggest that ERPs recorded at the scalp surface and within the human CM-Pf are modulated by the behavioral relevance of the auditory target stimulus.
Temporal relationship between subcortical and cortical ERPs
When testing for a significant predictability effect (step 1), we found the CM-Pf trial-to-trial amplitude to the target correlated with the trialto-trial amplitude variation recorded over parietal scalp regions (r crit ¼ AE0.13). Specifically, the LFP signal between 61 and 355 ms predicted the cortical ERP signal between 385 and 595 ms (r max ¼ 0.21, SD across subjects ¼ 0.13 at 189 ms subcortical time and 488 ms cortical time; p .001 see Fig. 4A ). The predictability effect (step 2) was stronger for the target tone compared with the standard tone. Importantly, this enhanced predictability specifically for the target tone (¼condition difference as revealed by step 2) overlapped in time with the significant predictability effect for the target tone (step 1), in particular showing an overlap of significant correlation between 249 and 331 ms at subcortical (CM-Pf) level and 539-568 ms at scalp level ( Fig. 4B ; t confidence ¼ [-3.3 2.5], t max ¼ 3.43 at 287 ms at the subcortical level and 551 ms at the scalp level, p .01). By contrast, we observed no differences when we compared the predictability effect between the distractor and the standard tone.
Discussion
In the present study, we simultaneously recorded neuronal responses at the scalp surface and within the CM-Pf to auditory stimuli differing in their task relevance to probe the specific function of the human CM-Pf. We found stimulus-related response modulation at the scalp surface and within the CM-Pf, with largest responses to behaviorally relevant target events. Importantly, CM-Pf target responses (61-360 ms) predicted the EEG P3b (385 and 595 ms), corroborating a functional relation between both levels in the processing of auditory target events.
Cortical responses to auditory events
We found a clear N1 response to all stimuli, indicating processing of auditory events at the level of the auditory cortex (N€ a€ at€ anen and Picton, 1987; Picton, 2010) . The significant effect of distractor vs. standard stimuli between 82 and 186 ms -corresponding to the N1 auditory ERP - Fig. 3 . Condition effects on neuronal responses recorded at the scalp surface (left) and the CM-Pf (right). The figure shows the grand averages to the frequent standard tone (blue) and the infrequent target (red) and distractor tone (black). In addition, difference waves (dotted grey line) are plotted together with the bootstrappingderived confidence interval (grey area). Time ranges of significant condition differences (as defined by the 99.9% confidence interval which does not include zero) are indicated by the grey bars, referring to p values < .01.
indicates that stimulus frequency and probability affect the N1 response, confirming the view that the N1 amplitude is largely affected by stimulation parameters (N€ a€ at€ anen and Picton, 1987) . However, our finding of a significant condition effect between target and standard responses at 80-90 ms shows that cortical sensory processing can also be affected by higher-order cognitive processes such as attention (see Fig. 3 ).
We furthermore observed a P3a to the distractor tone over central scalp regions (distractor vs. standard), and a P3b to the target tone over parietal scalp regions (target vs. standard). These results are in line with previous reports of a P3b response to the detection of task-relevant target events within the time window of 300-600 ms (Picton, 1992; Bledowski et al., 2004a) . Consistent with previous studies, we also found a (small) P3a response to the task-irrelevant distractor tone over central scalp regions within the time range of 300-500 ms. It has been suggested that the P3a reflects automatic attentional reorientation and consecutive reallocation of attention to the salient but task-irrelevant distractor stimuli (Soltani and Knight, 2000; Linden, 2005; Polich, 2007; Wronka et al., 2012) . The P3a amplitude, however, is largely influenced by stimulus context, and seems to be enhanced when the distractor stimulus strongly differs from standard and target tones or when target discrimination is perceptually difficult (Katayama and Polich, 1998; Comerchero and Polich, 1999) . In the present study, the discrimination of all three tones was rather easy for all subjects (as indicated by high hit rates and low rates of false alarms) which might account for the limited P3a amplitude. Fig. 4 . CM-Pf responses predict cortical ERPs. 4A: Computing the cross-correlations between subcortical responses and scalp ERPs (step 1) revealed that activity in the CM-Pf predicts scalp surface activity specifically for the target tone. Each square represents Pearson correlation values. Green areas denote those temporal relations with no significant correlation. Warm colors indicate positive and cold colors negative correlations. White contours indicate significant correlations between the CM-Pf responses and surface ERPs (p < 0.05, corrected for multiple comparisons). Correlation values above the diagonal indicate a leading role of the subcortical activity. 4B: Comparing the r matrices (from step 1) between the different conditions (step 2) revealed that the predictability of scalp ERPs by means of CM-Pf responses is stronger to the target compared to the standard. Each square represents t-values, obtained by a permutation procedure. Warm colors indicate positive and cold colors negative t-values. The significant condition differences are indicated by magenta contours (p < 0.05, corrected for multiple comparisons). Note that the condition difference (step 2; magenta contours) overlapped in time with the significant predictability effect for targets (step 1; white contours). The strongest correlation was found between CM-Pf activity at around 287 ms and surface ERPs at around 551 ms. The r-waveform shown in the lower right panel indicates the cross-correlation for the target response (blue time series) in the parietal ROI as shown in 4A (lower left) and the cross-correlation for the standard response (green time series) in the same ROI (4A lower right). In contrast to the target condition (parietal ROI), no overlap of predictability effect (step 1) and condition differences in predictability (step 2) were found for the distractor tone (central ROI). Please note that for illustration purposes, original correlation coefficients are presented, while the transformed values were subjected to statistical analyses.
Thus, we consider it more appropriate not to draw firm conclusions about the P3a response in our study. By contrast, the P3b has been proposed to be a signature of the stimulus-context "update" and to reflect voluntary attention to a behaviorally relevant target event (Bledowski et al., 2004a; Donchin and Coles, 1988; Kok, 2001; Polich, 2007; Verleger, 1997 Verleger, , 2008 . Alternatively, a more recent study suggests that the P3b might reflect a correlate of decision making (O'Connell et al., 2012) . Although our results can be interpreted with respect to several other hypotheses of the P3 ERP, our findings are consistent with previous studies in that they show P3 responses to rare and unpredictable auditory events, reflecting automatic (P3a) and voluntary (P3b) aspects of attention (Debener et al., 2002) .
Subcortical responses to auditory events within the CM-Pf
Similar to the cortical ERPs, recordings within the CM-Pf revealed significant activation to the target and the distractor tone. Although the minimum time interval between the surgery and the EEG task was only one day, possible micro lesions due to the implantation of the electrode may have affected the ERPs of all conditions in the same way. Previously, we have already shown ERPs to task-relevant and task-irrelevant auditory events in other thalamic (i.e. ventral intermediate nucleus) and basal ganglia regions (i.e. subthalamic nucleus and the globus pallidus internus; Beck et al., 2018) . Those subcortical responses were particularly enhanced in the presence of task-relevant target tones, suggesting that thalamic and basal ganglia regions are sensitive to behaviorally relevant auditory events (Beck et al., 2018) . Similar to these findings, the current results showed enhanced amplitudes in the CM-Pf to the task-relevant target tone compared to the standard tone. Previous time-frequency analyses of the same CM-Pf recordings (Schepers et al., 2017) suggested that enhanced amplitudes to targets are caused by a transient spectral-power increase in the frequency range 8-15 Hz (Schepers et al., 2017) . Note that the current data analysis critically extends the previous study by considering ERPs on both the subcortical and the scalp level and by investigating the temporal relationship between these responses, an aspect that has been under-investigated so far. Given that CM-Pf responses predicted scalp ERPs specifically in the target condition, we conclude that the human CM-Pf is specifically involved in signaling sensory inputs related to behavioral relevance and goal-oriented selection of behavior (Schepers et al., 2017) . The suggested role of the CM-Pf may be mediated by the tight coupling of the CM-Pf with the striatum of the basal ganglia regions (Beck et al., 2018; Wolff and Vann, 2019) . This assumption is based on a number of previous studies. First, consistent with the current results of the CM-Pf, subcortical recordings within the human striatum have suggested an involvement of basal ganglia regions in the selection of behaviorally relevant target events (Beck et al., 2018) . Second, various animal studies have provided evidence that the CM-Pf plays a crucial role for signaling behaviorally relevant events. For instance, studies with rodent models have shown that lesioning the thalamostriatal pathway disrupts goal-directed learning (Bradfield et al., 2013; Saund et al., 2017) and discrimination learning of sensory stimuli (Kato et al., 2011) . In particular, lesions in the thalamostriatal pathway impaired both the response selection accuracy and the task performance (Kato et al., 2011) . With regard to non-human primates, previous studies have provided converging evidence that the CM-Pf plays an important role for goal-oriented behavior selection. Here, direct electrophysiological recordings within the CM-Pf have revealed increased amplitudes to unpredicted visual targets which needed attentional reorientation (¼ invalid trials: warning signal at the opposite side to the target) when compared with predicted targets which did not require attentional reorientation (¼ valid trials: warning signal at the same side to the target) (Minamimoto and Kimura, 2002) . Interestingly, pharmacological inactivation with muscimol abolished this validity effect, suggesting that activation within the CM-Pf reflects the switch from top-down to sensory-driven control of behavioral responses to valid targets (Minamimoto and Kimura, 2002) . Given these results, Minamimoto and colleagues (2014) have postulated that the discrepancy between external demand and (internal) behavioral bias may be reflected by activation of the striatum which however is the main output structure of the CM-Pf. Following this line of argumentation, our observation of enhanced CM-Pf response to the target tone may be a consequence of the discrepancy between the external demand (response to the rare target tone) and the internal behavioral bias (no response to the frequent standard tone). Thus, CM-Pf input to the striatum seems to be crucial for stimulus evaluation and goal-directed behavior selection. Our results suggest that this implication applies not only to rodents and non-human primates but also to humans.
Task-relevant activation within the CM-Pf predicts cortical ERPs
Our study is the first to show a functional temporal relationship between activity within the human CM-Pf and cortical ERPs, with the CM-Pf predicting cortical responses to behaviorally significant auditory target events. Previous studies have suggested that the thalamic VIM nucleus categorizes (visually presented) target events as behaviorally relevant and that this label is then distributed to various cortical regions (Klostermann et al., 2006) . Our study with recordings from the CM-Pf extends these previous findings by showing that attentional allocation and (auditory) stimulus evaluation for task relevance at the CM-Pf level precedes stimulus processing at the cortical level. Further, our study consolidates the model proposed by Kimura et al. (2004) that the CM-Pf switches the thalamo-basal ganglia system to bottom-up control in case of unpredicted, rare salient events. Importantly, we here show that early CM-Pf activation is directly linked to the later cortical P3b response to the target tone. Thus, neuronal activation within the CM-Pf predicts the cortical P3b ERP to rare auditory target events.
Interestingly, this temporal relationship between CM-Pf and cortical ERPs we found for the P3b (task-relevant target tone) but not for the P3a (task-irrelevant distractor tone). Therefore, we conclude that the CM-Pf predicts cortical activation by detecting target stimuli that are needed for goal-directed action. Considering three (out of several) concepts of the P3b, our results suggest that subcortical activation, in particular within the CM-Pf, can modulate processes related to context updating (Donchin, 1981; Donchin and Coles, 1988; Fabiani et al., 1986) , voluntary attention (Debener et al., 2002) , and perceptual decisions (O' Connell et al., 2012) .
The lack of a temporal relationship between CM-Pf and cortical ERPs for the distractor tone (Fig. 4B ) may be explained by the possibility that the CM-Pf is responsive to the salient distractor tone (Fig. 2) , but activation within the CM-Pf does not necessarily need to correlate in particular with the P3a recorded over central scalp regions. The P3a to the distractor tone has several generator sources, among them the dorsolateral prefrontal cortex, the inferior parietal lobe, the cingulate gyrus and the hippocampus (Bledowski et al., 2004b; Fonken et al., 2019; Knight, 1984 Knight, , 1996 Yamaguchi and Knight, 1991) . The P3a, showing the largest amplitude over central scalp regions, reflects the summed contributions from these different generator sources, making it difficult to find a functional relationship between subcortical and cortical structures. Moreover, taking the different generators of the P3a into consideration, distractors are most likely signaled by different structures than the CM-Pf, among them probably the basal ganglia (Awh and Vogel, 2008) .
Our results underscore an important role of the human CM-Pf for signaling auditory input related to behavioral relevance. Thus, they provide further evidence that the CM-Pf actively contributes to cognitive processes, in particular signaling sensory input related to goal-oriented selection of behavior (Schepers et al., 2017; Wolff and Vann, 2019) . Our results also support the hypothetical model of Kimura et al. (2004) , which was developed based on the results from non-human primates, proposing that the CM-Pf is relevant for attentional orienting (Minamimoto and Kimura, 2002) and for the processing of behaviorally relevant stimuli from different sensory modalities (Matsumoto et al., 2001; Wolff and Vann, 2019) . Most likely the CM-Pf is mediating this task through strong connections with the striatum. This is in line with the previous observation of attention-related response modulation to targets within these subcortical regions (Beck et al., 2018) . Thus, the presented findings expand the model of Kimura et al. (2004) , proposing that the CM-Pf switches the cortico-basal ganglia loop system from top-down to bottom-up mode of stimulus processing in the context of salient external events that are not predictable. Our results suggest that in humans, this mode of CM-Pf function is specifically initiated by the presence of external events with behavioral significance, and correlates with the later cortical (target) P3b response but not with the cortical (distractor) P3a response.
Together, our study demonstrates attention-related modulation of CM-Pf activation and a direct relationship between subcortical CM-Pf and cortical P3b response specifically in the context of infrequent, behaviorally relevant target events. These results provide direct human evidence that the CM-Pf actively contributes to cognitive processes, in particular signaling sensory input related to behavioral relevance and goal-directed selection of behavior. Thus, the CM-Pf may represent one of the main mediators for higher-order cognitive processes required to select task-relevant information from an incoming stream of information.
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